The application of RFID in traceability of products in beverage factories is analyzed in terms of the electromagnetic conditions defined by the massive presence of metallic elements and liquids. Various experiments are reported to determine the maximum reading range from RFID tags installed on tanks or to read RFID information around bottles, both empty and full of wine, trying to put in context the possible problems that could appear when installing an RFID-based traceability system within a winery, a brewery, or any other beverage factory.
Introduction
During last years, the development of radio frequency identification (RFID) technologies has been fast and their applications grow in parallel to the reduction of costs [1] . A lot of companies and even some European projects proposed the use of RFID technology to build full traceability systems, substituting barcodes in some applications but extending the functionalities to the complete production chain [2] [3] [4] . The development of international standards, such as EPC global [5] , has given an additional impulse to further spread this technology. Reading some reports, it would seem that the RFID is the solution for all traceability problems. The reason to propose the use of this technology for traceability purposes is that it allows the unequivocal identification of each agent along a production chain (machines, containers, products, and even operators) and a fast and accurate registration of all of them when being involved at each step of the process. Thus, the reconstruction of a product history becomes no more than a query at the database storing all the data previously collected in the factory.
The wide diversity of tags available in the market allows the use of RFID in a large range of applications. Tags could even be printed directly to the final product by means of inkjet-printing technology [6] . Passive RFID tags are the most used tracing systems due to their lower cost, especially at item level. Several frequencies are also available. The choice of the frequency will depend on the requirements of the applications (required reading range, environmental conditions, multitag reading, etc.).
The development of an RFID-based traceability system in a beverage factory (wine, liquors, sodas, etc.) presents some technical challenges due to the special considered environments: large metallic tanks, liquids, glass bottles, and so forth, all of them electromagnetic unfriendly elements. But the developments of such system could lead to improved benefits associated with reduction of time expenses, reduction of errors, and accuracy of the information. The objective of this paper is not only to present an implementation of an RFIDbased traceability and its advantages but also to isolate and evaluate the possible limitations due to the presence of liquid and metallic elements.
The paper is organized as follows. After this introduction, a brief description of related works occupies Section 2. Section 3 is centered on the guidelines of a complete traceability system based on RFID technology. Then, the detection and analysis of limitations for RFID operation due to the environment characteristics are the focus of Section 4, which is followed by the Conclusions section. 
Related Works
Previous examples of the implementation of RFID tracing systems in food supply chains can be found in the literature, even in scenarios with adverse propagation conditions [7] [8] [9] .
When certain reading distance or multiple readings are required, UHF technology is commonly used. Previous studies have been performed to evaluate the theoretical limitations in the performance of UHF RFID tags [10] , not only for tags working in far filed conditions but also for the ones designed to operate in near field [11] , as they are less affected by the presence of liquids and metals. However comparative test shows that UHF far field tags can provide good performance also in critical environments. That is one of the reasons to use FF UHF tags in our research and also to allow the developed system to be in compliance with the EPCglobal standard. The benefits of the combined use of both RFID technology and EPCIS standards in supply chains have been also analyzed [12] .
Some authors propose specific tag designs to highly overcome the limitations of UHF RFID tags in critical environments [13, 14] although our study was performed with commercial available RFID tags as it aims to test if their use is feasible in the nonelectromagnetic friendly environment of a winery, in order to minimize the costs of initial investment.
RFID-Based Traceability System
There are several reasons for a factory manager to implement a traceability system, both voluntary and compulsory. The mandatory reasons came from the legislation that controls quality or origin guarantee of the products. The voluntary ones arise from the conviction of a better organized and improved work along the production chain. Both reasons could be applied to many beverage factories: several wineries or whisky companies are involved in denominations of origin that force the adoption of traceability systems. Others are not forced to do that, but they produce added value liquors and need to guarantee consumers their quality.
Anyway, all the involved factories have something in common: the quality of the processes applied to the liquids (wines, liquors, and sodas) has to be certified, and all the related data are stored, to assure complete product traceability. The handled data include information regarding liquid analysis, treatments applied, equipment used in processing, and so forth. Previous to the RFID-based system implementation, the usual procedure was to store the data in register books and then manually copy the most important in digital registers (i.e., spreadsheets). The RFID-based approach aims to automatically collect all these information in digital supports and to develop applications to easily recover the data related to a specific product.
The processing stage is, by far, the most important one in beverage factories supply chain. It is the largest and most complex one, and the different processes performed in it will define the different characteristics and qualities of the products. That is, the processing phase of wine starts when the grapes collected arrive to the winery and it ends when the wine is bottled and stored, through a succession of actions: grapes classification, pressing, decantation, fermentation, blending, product treatments, conservation, and so forth. All the locations where the grapes and wine pass trough have to be identified in order to assure the traceability of wine. In each step of the processing phase, a lot of meaningful information is generated and has to be collected and stored in a database, especially those regarding chemical analysis and treatments performed. And something like this occurs at factories producing other beverages.
The RFID system designed in the presented research for a beverage company will allow easy data collection and digital storage of them, partly removing the current system of paper based registers and manual loading of data in spreadsheets. Along the whole processing stage Events will be generated and stored, so that the state of the product can be precisely controlled at each moment, and all the information related to the processes is easily accessible. Some assets are reused in different phases, so that a precise and unequivocal identification of them is required to ensure traceability. RFID tags will be attached to the different equipment used.
Two issues are solved with the RFID-based system: the automation of traceability data collection and their storage in digital supports and the quick access to traceability information at any point of the supply chain.
Automation of Traceability Data Collection and Their Storage in Digital Supports.
At wine or liquor processing stage the amount of data handled is very large, and a precise control on them is needed, to assure a good quality and its traceability. As stated above, the registration of traceability data is typically done manually and then transferred to computer format using spreadsheets.
The first step, when developing a traceability system, is to perform a study of the business processes in the factory to identify the different steps in its supply chain and the information flow between them. Once the mandatory/optional information to be collected was defined, the points in the chain to do the capture are set.
The business processes are defined in terms of Events according to the EPCglobal standard [15] . We have used the Fosstrak EPCIS repository to store the Events, and we have run its access interfaces in a GlassFish application server [16] . The assets and locations involved and their relation to intermediate and final products are also identified. After collecting all the necessary requirements, the system design centered (HW and SW definitions) around two main points ( Figure 1 ).
(i) Data Capturing. As all the locations and assets involved in raw and final products processing have to be identified in order to perform product traceability, they have been assigned an EPC code by tagging them with RFID labels. Some assets are reused in different phases, so that a precise and unequivocal identification of them is required to ensure traceability. Then, a capture application for an RFID reader must be programmed to read those RFID tags and to introduce any other relevant data related to the production at each step of the supply chain. For each action performed one or several XMLs containing the generated EPCIS Events are built with all the collected information and stored in the handheld memory.
(ii) Database Data Storage. A PC desktop application is programmed to manage the communications with the EPCIS repository for information storage and recovery functions. The XMLs generated during data collection have to be copied from the handheld reader's memory to a PC. Then, by using one of the desktop application features, the data in the XMLs are sent to the EPCIS capture interface and stored in the repository. In this way we have all the pertinent data available in digital support (an MySQL database in a computer) available for consultation.
The RFID system designed will allow easy and fast data collection directly in digital support, removing paper based registers. At the same time the number of errors (and their associated costs) is reduced, and a better use of employees' time is achieved.
Quick Access to Traceability Information at Any Point of the Supply Chain.
Currently, a high amount of spreadsheets should be checked for recovering traceability data, for example, in case they have been required by the competent authority or if there has been a recall. The solution must be a desktop traceability application to track the wine at the winery. On the one hand it allows obtaining the complete traceability information of a bottle, through its batch number. On the other hand there is the possibility of querying for liquid information at any point of the supply chain, by using the tank number. Thus, the system makes the information sharing easier and also improves the visibility throughout the supply chain.
In addition, the RFID system allows linking unequivocally the liquid product with the data related to its production: performed processes, locations, environmental and chemical parameters, and so forth giving the producer a better control of product quality. So quality control and traceability are performed at the same time. 
Identification and Analysis of RFID Limitations within a Beverage Factory
The first step to identify the possible limitations when operating an RFID-based traceability system within a beverage factory is the reflection on the materials that (i) make especially the propagation of radio waves difficult and (ii) are also present in such factories. It is well known that conductive materials generate isolation with respect to their shadowed areas and also induce strongly reflections of radio waves that beat the metallic surface [17] . Radio wave propagation in factory buildings presents large multipath phenomena, directly related to building age, inventory, wall locations, and ceiling height [18] . Beverage factories are full of large metallic tanks, so it is expected to find a complicated electromagnetic ambience: important multipath phenomena and vast areas with no radio coverage. This absence of radio coverage could be solved by applying imaginative techniques as taking advantage of HVAC ducts [19] .
Liquids are other unfriendly materials for electromagnetic activities, as propagation conditions could change or even disappear within such materials. Obviously, there are lots of liquids in beverage factories, and the air and surfaces humidities are also elevated. Besides that, most of the liquid products of such factories are commercialized in glass bottles, which depending on their conductivities could be complicated materials: scattering or attenuation phenomena could be induced around each individual bottle [20] . So, a set of bottles would be a very difficult environment to be electromagnetically modeled.
Metallic Tanks.
Several tests were performed to measure the maximum reading range of a tag attached to a wine tank. The tag used was the Confidex Halo [21] , and its reading range attached to the tank was measured by using the ATID AT-570 handheld reader [22] . Although the antenna design for RFID tags is rapidly expanded [23] and there are special tag designs that would improve the radio performance isolating the tag from the surface where it is glued [24] , this work is focused on commercial inexpensive tags, as they are the most accessible ones for RFID integrators. International Journal of Antennas and Propagation The measures were performed in such a way that the reader antenna and the tag were parallel to each other, according to the coordinate system indicated in Figure 2 . Besides, the maximum reading distance was measured for several positions of the tag on the tank, indicated as an angle with respect to vertical direction ( ), assuming cylindrical metallic tanks oriented with its axis along . Table 1 shows the maximum reading range for each orientation of the tag in the tank and a measure of the reading range with the tag in a nonmetal surface (a wall) for comparison. 0 ∘ to the vertical axis (i.e., the tag is vertically installed) seems to be the best position for the tag (it can be read at up to 81 cm). The difference in reading distance between this case and 90 ∘ to the vertical axis, that is, horizontal installation (53 cm of reading range), may be due to the curvature of the tank, because the metal contact underneath tag is not uniform in its entire surface. This difference is minimal in the reference case maybe because the tag is attached to a flat surface.
It is interesting to observe that the presence of the metallic surface divides by two the maximum reading distance; that is, it degrades the performance of the RFID link.
Bottles.
A radio electric measurement campaign involving different models of bottles, different kind of wines, various RFID tag designs, and several locations of the RFID tags has been performed within an anechoic chamber. As a difference with previous experiences, where researchers used tailor made setups [25] , this measurement campaign has been developed with standard RFID reader. Figure 3 shows instant snapshot of the measurement campaign.
Measurements were made using the Alien ALR-9900 reader [26] and an Alien ALR-8611-AC antenna [27] . As the tests have been performed within an anechoic chamber, the use of only one type of RFID reader has no impact on the obtained results. Up to eight different tag models (Table 2) were tested looking for situations which would be common to most of them, depending on their adaptation to the electromagnetic conditions of the bottle. To assess whether the type of wine contained in the bottle and the shape of the bottle influence the measure, measurements have been made attaching tags in four bottles of different wines. To evaluate how much the signal is attenuated in the presence of liquid, the same measurements were made in two empty bottles in order to establish a reference.
We considered that, using individual bottles during the experiment, we could isolate the effects of the bottle and wine on the propagation conditions. When using various bottles at a time, it could be difficult to explain which effects are due to the wine and individual bottle and which are a consequence of multipath among the set of bottles. Table 3 shows detailed information about the shape of the bottles. The distance between the center of the antenna and the center of the platform where the bottle is placed is 60 cm, and the antenna is pointing to the bottle with an angle of 19 ∘ with respect to the vertical axis.
The first results of the campaign show that the received power is reduced in all cases, due to the presence of the liquid, which also modifies the radiation pattern, as can be observed in Figures 4, 5 , and 6. The maximum received power is reduced between 31% and 89% depending on the type of tag used, with a mean value of 63%. In the same way the arc around the bottle where the reading of the tag is possible is also reduced, from 9% to 73%, with a mean value of 28% (in only one of the combinations considered no reduction is observed). Table 4 shows the percentage of reduction of received power when the wine is inside the bottle. As expected the tags on the filled bottles are not able to guarantee optimal performance, due to the attenuation of radio waves in the presence of liquids. Analyzing the results, it seems that the reduction in the power received from the tag due to the presence of liquid is more related to the type of tag used than to the shape of the bottle and the chemical characteristics of the liquid inside it, as the percentage values are quite similar, in most of the cases, for a given tag model. Only slight differences can be attributed to the specific chemical characteristics of wine, as happens with bottles 2 and 4, which, despite containing the two red wines, do not have the same percentage. The wines are under different denominations of origin.
When considering the arc around the bottle where the tag can be read, as indicated in Table 5 , the model of tag used has a great influence on arc reduction, but, in some situations, for a given tag, the reduction is different, and this could come from the shape of the bottle or from the content inside it.
(i) For tag 2 and tag 4 the arc at which the reading is possible is smaller for the bottle with Burgundy shape.
(ii) In the case of tag 3 the differences in reading arc appear to be caused by the type of wine (better results for white wine).
When choosing the best model to be used, the results showed in both tables should be considered together. For example, although tag 7 was the one with less reduction in the receiving power, the reading arc is reduced to a half; tag 8 allows less receiving power than tag 7 but the reading arc is the best. So, for an application where the relative position between the tag and the reader cannot be controlled with precision, tag 8 would be a better solution. Figure 7 shows a comparison of the radiation pattern for a specific tag and the two bottle shapes analyzed. If the bottle is empty, the radiation pattern for the two shapes is very similar, but we can appreciate a great difference when the bottle is full International Journal of Antennas and Propagation 7 of liquid. Such a difference does not exist when the bottles have the same shape but different content (red or white wine). Besides, another test has been performed to choose the best height to place the tag along the bottle. During the tests, the tag is attached to the bottle with its center situated between 7 and 13.5 cm with respect to the bottom of the bottle, and this last one is placed at a fixed location in the center of the chamber (as already shown in Figure 3 ). For each position of the tag, the RFID antenna is moving along a 360-degree arc around the bottle location, centered at the bottle axis. The antenna stops at each degree, where 25 readings of the tag are performed.
Measurements have been performed with the same four bottles used in the previous experiment and two models of tags. Table 6 shows the width of the arc at which the reading is possible and the maximum value of received signal (RSSI measured by the RFID reader arbitrary units) in each position of the tag for one of the bottles (Bordeaux shape and white wine). The maximum distance between the tag and the reader antenna is reached when the tag lies on the rear side of the bottle. shaped bottle with white wine. Such distance depends on the distance between the antenna and the bottle, the diameter of the bottom of the bottle, and the height at which the tag is glued. Minimum distance (tag on the front side) is also presented for comparison.
Results show that, in this case, the best position to put the tag is with its center between 7 cm and 8 cm away from the bottom of the bottle. For these distances the receiving signal reaches its maximum values, with a good reading arc compared with other positions. Only the width of reading arc is larger at 11.5 cm, but the values of receiving signal are smaller. This bottle was chosen to represent the experiment as the results for the previous combinations of tags and bottles clearly center the best position in the same place, both in terms of reading arc and power received. So, the results for the mentioned bottle were more interesting to remark because the best position was not the same for the two factors to be considered.
Conclusions
In this paper, the use of RFID technology is analyzed for implementing traceability at beverage factories, where the ambience is not electromagnetically friendly. The main concepts of such systems are introduced.
Then, different problems related to radio wave propagation are analyzed and evaluated by means of measurement campaigns performed around metallic tanks and wine bottles. An especial care is taken in comparing the performance of the RFID tags when the material under discussion is not present (the metallic tanks or the wine inside the bottle), as it reinforces the idea of the degradation observed by comparing both situations.
